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The rate of cl$oroplast electron transport under 
coupled conditions may depend on the internal pH of 
the thylakoids [l-3]. We reported [4] that chloro- 
plasts suspended in a fluid medium at subzero temper- 
atures show light-induced proton uptake coupled to 
electron transport frci3 water to methyl viologen. 
These and earlier experiments under similar condi- 
tions [S] also showed that reduction of cytochrome f 
and P-700 in the dark following continuous illurnina- 
tion is stimulated by the addition of uncouplers, 
suggesting that the rate of electron flow under these 
conditions is also iimited by the interna pH* (pH* is 
the effective pH in aqueous/organic media [63). Here 
we have studied t9le effect of internal pH* on the 
rate of reduction of cytodlrome f and P-700 in the 
dark following illumination and on the rate of reduc- 
tion of ferricyanide in continuous light, by measuring 
these in the presence of uncouplers at different pH* 
values. From a comparison of these experiments and 
similar measurements in the absence of uncouplers we 
cart estimate that chloroplasts suspended in I : 1 (v/v) 
ethanediol : water at -17°C can develop a proton 
gradient in continuous light of -2.6 pH* units. 
Chloroplasts were prepared from spinach (Spivracea 
olermc~).and stored frozen in liquid N2 as in 143. 
Abbreviations: Hepes,Ar-2-h~~dPoxyePhyIpaperazine-N’-2- 
ethanesulphonic aci(l;P-vI 00, lreaction centre chlorophylil 
of photosystem 1 
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Light-induced absorbance changes were measured in 
a dual-wavelength spectropbotometer (Mitacbi Perkin- 
Elmer 356) adapted for side illumination. The 
spectroj&otometea was Iinked to a minicomputer hy 
an interface with analog inputs, to which the signal 
from the spectrophotometer was connected, and 
logic outputs, which were used to contro9 a s9mtter 
permitting actinic illumination. The experiments were 
controlled by a program which &lowed repetitive 
operation to improve the signal-to-noise ratio. Normally 
1 O-30 experiments were averaged. The apparatus is 
detailed in 141. 
Actinic l&l-it from a slide projector was passed 
throu& a Wratten 70 fi9ter for illumination with red 
light or a combination of Wratten 4723 or Schott 
BG 12 (2 mm tltick) filters and 2 cm of saturated 
CuSQ for illumination with blue light. CytocBlromef 
was measured at 554 minus 543 nm with the photo- 
multiplier protected by a combination of a Schott 
BG 18 (3 mm) (illumination with red light) or a 
Wratten 16 filter (illumin&ion-with blue light) plus 
5 mm of saturated CuSQ -B-700 was measured at 
703 minus 720 nm with the photomultiplier pro- 
tected by a 3 mm Schott RC 7 15 filter. Ferdcyanide 
reduction during illumination with red light was 
measured at 400 minus 460 nm with the photo- 
multipplier protected by a combination of a 2 mm 
Schott BG 12 ffilter and 5 mm saturated CUSPS. Rates 
were ca9culated using a measured extinction coefficient 
for ferricyanide in 1: 1 (v/v) ethanediol:water of 
$00 9 .mol-’ .cm-’ at 400-460 nm. 
The usural reaction medium consisted of a 1: B 
(v/v) mixture ofwate~ethanediol containing 0.33 N 
sorbitol and 5 mM MgC9* plus different buffers 
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(SO mM)_ Potassium phosphate was used at pH* 
6.0-8.0, potassium acetate at pM* < 6.0 and Mepes 
+ 50 mM KQ at pW* > 8.0. The pEP of the acetate 
and phosphate buffers were calculated from the values 
in 17’3. me pf4* of t.he Hepes buffers were estimated 
using coloured indicators which had themselves been 
calibrated wieh phosphate. Chlorophyll was measured 
as in [83. 
The reduction of.?-700 and cytochrome fin the 
dark following illumir,ation at -17°C followed first- 
order kinetics as in [4,5]_ Using Q~s,,,__543 = 
2.2 X lo4 1 mol-l .cm-’ and Ac703_720 = 
6.4 X 1 O4 1 .mol-’ -cm-’ for cytochrome fand P-700, 
respectively [9,10] we could estimate a ratio of 
photoreducible cytochrome f to P-700 of 1.2 in 
agreement with the observations in [S]. We found no 
significant differ,nce either in the rate of cyto- 
chrome j-reduction nor in the amount of photo- 
reducible cytochrome on illumination with either 
blue or red light. 
Figure 1A shows plots of the observed first-order 
rate constants for the reduction of cytochrome f and 
P-700 at different pKB* values, in &lie presence cf the 
uncoupler gramicidin D so that the .intrathylakoid 
pH* was the same as the PHI* of rhe medium. 
Figure IA also shows the rate 01 ferricyatide reduc- 
tion measured under the same czmditions. If these 
results are expressed as mol fenicyanide reduced 
.mol P-700-’ .s-’ , there is a gocsd correlation between 
the rate of ferricyanide reductiw in continuous l&hi 
and the rate ofP-7OQ reduction following illuminatiolt 
over the whole pH* range studi.:d. A similar result 
was obtained [ 11 for experiments at room temper- 
ature. We find that the rate of P-700 reduction is 
-20% faster than the rate of ferricyanide reduction. 
All three reactions show the PI-~‘-’ depeiidence 
expected if they depended on the deprotonation of ;I 
component with pK* 6.8 as shown in fig_lB. This is 
rather higher than the cozesponding p.rCr 5.5 observed 
at room temperature [I]_ 
The rate of cytochrornefreduction is only 20-30% 
of the rates of P-700 and ferricyanide reduction, as 
reported previously [S]. This observati.on isone of 
several pieces of kinetic evidence [I l-131 which arc 
difficult to reconcile with a scheme of electron trans- 
port where cytochromefis an obligatory intermediatr 
between plastoquinol and plastocyanin. 
In the absence of uncoupler the reduction of cyio- 
FiE.1. (A) Effect of intcrnai pH* on the apparent frost-order rate constant for the dark reduction of cytocbromefand P-700 
following illumination and on. the rate of ferricyanide reduction in continuous light. (4 cytochromefreduction; (v) P-700 
reduction; (=) kricyanide reduction. (B) Tile same results following normalisation to the rate at pM” 8.5. The curve is the 
theoretical titration curve fox a compound with pK* 6.8. Tke reaction medium contaked 0.2 m33 ferricyanide when its redoc- 
tion was being measured and otherwise 40 /.A% methyl viologen, 4 PM graxzicidin D and chloroplasts (corresponding to a final 
chlorophyll concentration of 40 &ml for cytochromef measurements and 20 Hg/ml otherwise). The temperature was -17°C. 
Other details are given in section 2. 
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‘The results presented here confirm the irn@ession 
from [4,5,16] that electron and proton transport in 
chlorophsts suspended in mixtures of water and 
ethanediol at subzero temperatures have remarkably 
-similar properties to those of chloroplasts suspended 
in aqueous media at room temperature. 
Fig.2. Estimation of the transmembrane pH* gradient 
generated in the absence of uncoupler. (0) Variation of the 
apparent first-order rate constant for cytochromef reduciion 
in the dark with the external pH*. (m) ApEI* calculated using 
these results and those from fg.1. The experimental conditions 
were as in the legend to fig.1 except that gramicidin was 
omitted. 
chrome f and P-700 still showed first-order kinetics. 
Both reactions were stimulated to the same extent by 
gramicidin D or NH,Cl.‘Figure 2 shows a plot of the 
observed first-order rate constant for cytochromef 
reduction in the absence ‘of uncoupler and the 
corresponding pH* gradient across the thylskoid 
membrane, calculated by using the data from fig.lA, 
as a function of the pW in tire external medium. It is 
noteworthy that the value of 2.6 fomd for the @H* 
under these conditions is close to the values measured 
at room temperature [ 1 LB]. 
The method used here for measuring the trans- 
membrane pH gradient, introduced [ 11, has been 
criticised by the suggestion [3] that in addition to 
the internal ~1-1 the rate of electron transport is ah.0 
dependent on the ApH and the external pH. However, 
some of the data in [3] was replotted [S] and shown 
to be compatible with the idea that at internal pH 
< 8.2, the rate of chloroplast electron transport is 
mainly determined by the internal pH. An analogous 
argument should hold for our experiments_ 
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